To model the long-term risks and benefits of natalizumab in individuals with relapsing multiple sclerosis (MS).
Two studies are currently being conducted to evaluate the long-term safety of natalizumab. The Tysabri Outreach: Unified Commitment to Health (TOUCH) system is a US Food and Drug Administration (FDA)-mandated restricted distribution and aggressive PML-monitoring program in the United States, and the Tysabri Global Observation Program in Safety (TYGRIS) is a worldwide observational study. 5 As of February 2007, more than 5,700 MS patients receiving natalizumab were currently enrolled in these studies, and no additional cases of PML were identified, although the treatment duration was short (mean of 3.4 infusions for those in the TOUCH system). Although in the future both studies will be able to provide more accurate measures of short-and long-term PML risk, patients and clinicians presently considering natalizumab therapy have limited information regarding the health impacts of natalizumab's risks and benefits.
To decrease uncertainty regarding the long-term safety of natalizumab (defined by the FDA as the benefits outweighing the risks of treatment) 6 and to investigate natalizumab's treatment profile and its relationship to patient health, we created a risk-benefit model using the quality-adjusted life-year (QALY) as an outcome metric. We then compared longterm health changes for the natalizumab cohort with the health profiles modeled for a natural history cohort, a cohort treated with interferon (IFN) ␤-1a, and a cohort treated with a "perfect" MS treatment.
METHODS Model description. We used TreeAge 4.0 software (TreeAge software, Inc., Boston, MA) to create a Markov probability model to assess the long-term treatment effects of natalizumab on QALYs in patients with clinically definite relapsing MS (figure 1). A Markov model is a type of decision model that is used to model transitions from one health state to another over time. 7 Health states were defined using the Expanded Disability Status Scale (EDSS). 8 Markov models have been used in MS disease modeling since 1985 9 and are increasingly being used in chronic conditions such as MS to incorporate the progressive and fluctuating nature of the disease process. 10 We adhered to principles of good practice for decision analytic modeling in health care evaluations. 11 A full technical report is available from the author upon request.
The model time horizon was divided into 6-month cycles, during which patients may have a relapse, progress to a more disabled health state, or both. After each cycle, the cohort was redistributed among EDSS scores based on natural history pro-gression probabilities. 12, 13 Data inputs for treatment effects and utility values were obtained from the literature (table 1) . Three major assumptions were adopted for the base case model:
1. Relapses occurred only in the lower disability states (EDSS 0 -5.5). The transformation of relapsing-remitting MS to secondary progressive MS occurs over time and was not directly specified in the natural history data. Thus, as previous models have done, we assumed that this transformation occurred between EDSS 3.0 and EDSS 7.5, and that relapses did not occur after EDSS 6.0. 14,15 2. Patients could not transition to a less-disabled EDSS health state, an assumption that is consistent with long-term natural history data. 13 3. Treatment discontinuation was not directly modeled, because these effects were implicit in published effectiveness data (intent-to-treat analysis).
Disease modeling. The baseline cohort included 30-year-old patients with clinically definite, relapsing MS, and a 1:2 male-tofemale ratio based on the approximate US prevalence of MS. 16 Patients entered the model with minimal or mild disability (57% with EDSS scores of 1-1.5 and 43% with EDSS scores of 2-2.5), the relative distribution based on natural history data from patients at disease onset. 13 Age-specific general mortality rates were used for all patients, 17 except those at EDSS 9 -9.5, who were assigned an additional MS-specific mortality rate based on natural history data. 12, 13 Disease progression was based on the probability of increasing in disability by 1 EDSS point. Estimates were reported by a previous MS cost-effectiveness model, 15 which used data from two natural history studies (excluding data for primary progressive MS subjects). 12, 13 Both published natural history studies reported progression based on EDSS groupings of 0 -2.5, 3-5.5, 6 -7.5, and 8 -9.5. We assumed that all patients within each EDSS grouping progressed at the same rate. We estimated a higher probability of disease progression for mildly disabled patients (EDSS 0 -2.5) that experienced a relapse compared with those who did not experience a relapse (table 1) . 18 Because relapse rates have been shown to be time dependent, 19, 20 we developed a predictive regression model using natural history relapse rates from four prospective studies (total of 618 patients). [19] [20] [21] [22] Using the available data (13 of 25 years), we regressed the relapse rate by years after MS onset using a log transformation to maximize the model's predictive ability (formula in table 1). The predicted annual relapse rate was 1. Treatment modeling. The two treatment options were 300 mg natalizumab (Tysabri, Biogen Idec and Elan Pharmaceuticals) administered by IV infusion every 4 weeks or 44 g IFN␤-1a (Rebif, Ares-Serono) administered subcutaneously three times weekly. 1 Subcutaneous IFN␤-1a was chosen as a reference treatment because it was evaluated in studies with similar design, enrollment criteria, and endpoints to natalizumab. 23 We applied relative treatment effects from the pivotal clinical trials to the untreated natural history cohort, because prior research has shown that relative treatment effects are usually constant across spectrums of underlying risk. 24 Because no treatment termina-tion guidelines exist in the United States, we followed UK prescribing guidelines and assumed treatments were continued until EDSS 7 was reached. 25 We also modeled a "perfect" MS treatment in which patients experienced no relapses, disease progression, or side effects. The "perfect" treatment had no restorative attributes, and patients maintained their baseline level of disability and utility throughout the time horizon.
We assumed that monotherapy with natalizumab was sufficient for developing PML, and calculated an annual risk based on the published risk estimate (1 per 1,000 patients treated for an average of 17.9 months). 2 The probability of developing non-PML side effects (e.g., injection-site reactions, flulike symptoms, and fatigue) was estimated using the most common significant side effect reported in the clinical trials. 1, 23 All non-PML side effects were assumed to abate after 6 months. 15 Health impact modeling. Net health changes over time were measured in QALYs, which is a time-weighted measure of utility states; 1 QALY is equal to 1 year in perfect health. 26, 27 Utility values were obtained from North American patient preferences for EDSS disability states and relapses (table 1) . 28, 29 The utility for a patient developing PML was estimated by monotonically decreasing the patient's utility over 6 months from their present EDSS health state to the worst possible health state measured by the Health Utilities Index III (Ϫ0.36), a health state considered worse than death. All PML cases were then assumed to be fatal after one 6-month cycle (death has a utility of 0). The disutility of non-PML side effects for IFN␤-1a was obtained from a patient survey. 30 The disutility of natalizumab's side effects was assumed to be the same as that for IFN␤-1a. Future utilities were discounted by 3% annually. 26
Figure 1
Semi-Markov probability model
After the treatment decision node (square node), the cohort is split into groups based on Expanded Disability Status Scale (EDSS) states. During each 6-month cycle, subjects may die, develop progressive multifocal leukoencephalopathy (PML) (if taking natalizumab), have a relapse and progress in disability, or have a relapse without disability progression. All subtrees ending with [ϩ] are identical to the subtree above; the interferon (IFN) ␤-1a arm is identical to the natalizumab arm, except that the probability of developing PML is zero. MS ϭ multiple sclerosis.
Analyses. We calculated the net health gain over 20 years for the natural history cohort and the treatment cohorts (natalizumab, IFN␤-1a, and the "perfect" MS treatment). For each treatment, we calculated the QALY gains associated with reduction in relapses and delayed progression, and the QALY losses associated with PML-and non-PML-related side ef-fects. Shorter time horizons of 2 and 10 years were conducted during sensitivity analysis. We also performed one-way sensitivity analyses for each model input over the range of values displayed in table 1.
We also assessed the impact on the treatment decision by varying the risk of PML over time and also by doubling the risk (table 3 ). In addition, increasing the disutility associated with relapses (which is analogous to more severe or longer relapses) favored natalizumab. Finally, the results were not sensitive to changes in the probability or disutility of non-PML side effects for either treatment.
Both natalizumab and IFN␤-1a resulted in health gains over shorter time horizons of 2 and 10 years (table 3) . Varying baseline disability status or the utilities associated with EDSS disability states caused the absolute size of health gains to change, but the relative difference between natalizumab and IFN␤-1a remained approximately the same. Larger treatment benefits were also accrued for the high disability progression cohort, but the relative health gains compared with a theoretical perfect treatment decreased to 29% for natalizumab and 16% for IFN␤-1a. DISCUSSION Understanding the long-term risks and benefits of treatment has never been more important given the serious limits to the old paradigm of shortterm clinical trials, FDA approval, and weak postmarketing oversight. The expanded legislative authority given to the FDA to improve its ability to track longterm safety of approved therapeutics speaks to the importance of this issue. 31 Decision modeling is one approach to guide evidence-based decision making and to highlight areas in need of future research.
Our results show that the benefit of long-term treatment with natalizumab far outweighed the risk of developing PML. A more than sevenfold increase in the risk of PML was required (from 1 to 7.6 patients per 1,000 treated over 17.9 months) to reduce natalizumab's health gain below that of IFN␤-1a's. This increase in risk is outside the 95% CI of the current PML risk estimate (0.2-2.8 per 1000 over 17.9 months of treatment). 2 It may not be, however, Data are presented in quality-adjusted life-years. Numbers may not sum due to rounding. PML ϭ progressive multifocal leukoencephalopathy. outside the tolerance of many MS patients. Approximately 55% of MS patients indicated in a recent survey that they definitely or probably would use a "treatment for MS that was significantly more effective than currently available drugs," even with a 1 in 1,000 chance of a fatal side effect. 32 Approximately 18% of patients surveyed would tolerate a risk of 1 in 100, and 14% would tolerate a risk of 1 in 10. Thus, even if there were an increased risk over time due to cumulative exposure to natalizumab, it would likely be tolerated by some MS patients. The health gains associated with natalizumab and IFN␤-1a were less than 1 QALY gained over 20 years. As shown in a previous model, the majority of the health gains came from reducing relapse rates. 33 In fact, only 8% of the potential QALY gains associated with the treatments was due to delaying disease progression. In addition, natalizumab and IFN␤-1a accounted for less than 50% of potential QALY gains compared with a "perfect" treatment, emphasizing that short-term treatment trials showing a considerable effect on intermediate endpoints may have a much more modest effect on quality of life over the entire course of treating the disease.
The model results were sensitive to changes in the relative risk reductions of natalizumab and IFN␤-1a. In this model, we applied the relative risk reduction found in the pivotal clinical trials to a natural history cohort that experienced more disease activity than did the AFFIRM placebo group and less activity compared with the PRISMS placebo group, after taking into account disease duration. The differences in health gains between the two treatments, therefore, would be reduced if natalizumab's relative risk reduction is less in patients with greater disease activity or if IFN␤-1a's relative risk reduction is greater in patients with less disease activity. A near convergence of the relative treatment effect on relapses would be required for the health gains associated with each treatment to be equal.
Prior research has shown that short-term QALY gains associated with natalizumab and IFN␤-1a were similar when analyzing the absolute treatment differences within the pivotal trial populations. 33 Similar QALY gains occurred despite the twofold greater relative risk reductions associated with natalizumab because the natalizumab trial population experienced more than 50% less disease activity than did the IFN␤-1a trial population. Although we do not fully know how relative and absolute risk reductions behave outside the clinical trial setting, relative risk reductions have been shown to usually be constant across risk spectrums. 24 A randomized trial is the only way to definitely understand treatment effects in the same population.
Decision models are inherently limited by the data and the measures used. For example, the EDSS does not capture all aspects of disability, and QALYs may be insensitive to small changes in physical and psychological function. Therefore, the model results must be interpreted with caution. The purpose of a model, however, is not to predict future events, but to provide a structured, transparent, and quantitative method for framing a complex decision that is open to debate and modification. Our study has additional limitations. First, we assumed that monotherapy with natalizumab was sufficient for developing PML, although no cases were reported in the AFFIRM clinical trial. In all PML cases detected, natalizumab was used in combination with, or after, immunomodulating therapy. [34] [35] [36] Future results from the TOUCH and TYGRIS studies will decrease this uncertainty. Second, we did not model the exact scenario of patients currently enrolled within the TOUCH program, because 68% switched from another disease-modifying drug. 5 Increasing the cohort's baseline disability or the probability of disease progression, however, did not influence the base case results. Third, we assumed that treatment effects remained constant over time, because no diminished treatment effect over time for IFN␤-1a has been reported.
Our study has strengths. First, we chose natural history data for disease modeling rather than clinical trial placebo data to increase the generalizability to all newly diagnosed relapsing patients. Generalizability Data are presented in quality-adjusted life-years. PML ϭ progressive multifocal leukoencephalopathy.
is also improved by using health state preferences from a large North American cohort of MS patients. Finally, the model can easily allow for periodic updates as new data emerge or for the addition of cost information to conduct cost-effectiveness analyses from various perspectives. As newer and higher risk therapies emerge for many chronic neurologic conditions, developing alternative approaches to technology assessment should be of high priority for researchers, clinicians, patients, policy makers, and the public. 37 Natalizumab, in addition to its importance to the MS community, is an example for neurology and the medical field as a whole.
